ABSTRACT 2-hydroxyethyl methacrylate (HEMA) is the major resin monomer that is released from incomplete polymerized dental restorative and adhesive biomaterials during dental therapy. Autophagy and apoptosis are biologically connected and the relationship between autophagy and apoptosis is complex under various circumstances. This study aimed to determine whether autophagy is activated by HEMA and further explore the function of autophagy during the HEMA-induced apoptosis of dental mesenchymal cells (DMCs). We exposed DMCs to different concentrations of HEMA. Cell viability showed a time-and concentration-dependent decrease when exposed to HEMA. We showed that HEMA exposure increased autophagic vacuoles and the expression of autophagic biomarkers (Beclin1, Atg5 and LC3). Pre-incubated with autophagy inhibitors (3-methyladenine and chloroquine) significantly prevented HEMA-induced apoptosis. Interestingly, HEMA initiated nuclear factor-jB (NF-jB) expression and nuclear translocation, whereas the NF-jB inhibitor (Bay 11-7082) markedly suppressed HEMA-induced autophagic activation and apoptosis. As is consistent with the in vitro results, HEMA treatment resulted in dental pulp tissue toxicity and activation of typical autophagic vacuoles in the tooth slice organ culture model ex vivo. In summary, we demonstrated that NF-jB signaling functioned upstream of HEMA-inducecd autophagy in DMCs and that the activation of NF-jB-autophagy axis was responsible for HEMA-induced apoptosis. Our findings provide novel insights into the mechanisms of resin monomer-mediated dental pulp damage during dental treatment, highlighting the activation of NF-jB-autophagy axis as an important mechanism of HEMA-mediated apoptosis.
Human dental pulp is a highly vascular tissue that is enriched with natural stem/progenitor cells (human dental mesenchymal cells, DMCs), which directly contribute to innate healing. DMCs are essential in tissue regeneration and in cell differentiation; thus, any clinical procedure that can disturb DMCs activity may cause severe alteration to pulp tissue homeostasis. Resin materials are widely used in dental restorative and adhesive biomaterials. However, along the resin biomaterial-DMC interface, monomers from incomplete polymerized resin materials can be released to the oral environment and dental pulp cavity and further disturb cell viability and differentiation (Chang et al., 2012 (Chang et al., , 2014 Lanza et al., 2009) . 2-hydroxyethyl methacrylate (HEMA) is the major resin monomer that is released from modern dental composites in an aqueous environment (Van Landuyt et al., 2007) . Characterized by relative hydrophilicity and low molecular weight, HEMA competes with water for penetration and infiltration into dentin, and copolymerizes with other monomers of resin composites. HEMA can easily flow into the network of the dentin organic matrix and diffuse through residual dentine, thus inducing various stress responses, such as cytotoxicity (Schweikl et al., 2006) , apoptosis (Paranjpe et al., 2005) , genotoxicity (Pawlowska et al., 2010) , inhibition of mineralization and disturbance of innate immune functions, in eukaryotic cells (Andersson and Dahlgren, 2011; Bakopoulou et al., 2011) . The mechanisms of toxicity by resin monomer HEMA on DMCs should be delineated, and these mechanisms could probably provide helpful insights in improving the biocompatibility of resin materials for dental mesenchymal tissues.
Autophagy is an evolutionarily conserved and highly regulated ubiquitous cellular process that degrades intracellular components in response to stressful conditions. In autophagy, the characteristics of double-membrane or multi-membrane autophagosomes initially form by surrounding the parts of the cytoplasm and intracellular organelles. The outer membrane of autophagosomes subsequently fuses with lysosome, forming autophagolysosomes. Finally, the contents of the autophagolysosomes are subsequently digested by the lysosome enzyme (Levine and Kroemer, 2007; Mizushima et al., 2008) . Among the identified autophagy-related genes, Beclin1, Atg5, Atg12, and microtubuleassociated protein 1 light chain 3 (LC3, a mammalian homolog of yeast Atg8) are essential for autophagy induction. Recent studies have found that autophagy and apoptosis are biologically connected (Yuan et al., 2014) and that the relationship between autophagy and apoptosis is complex under various circumstances. Several studies demonstrated that autophagy is an important process against apoptosis, whereas autophagy can promote apoptotic cell death in certain settings (Lum et al., 2005; Yang and Klionsky, 2010) . However, no studies have reported on the autophagy induction capabilities of HEMA in dental pulp. In addition, whether the pro-apoptotic effects exerted by HEMA are associated with autophagy remains unknown.
Previous reports stated that the NF-jB signaling pathway performs an essential function during resin monomer-mediated cell apoptosis (Samuelsen et al., 2007; Spagnuolo et al., 2004) . The NFjB transcription factor is a member of the Rel/NF-jB family of transcription factors, consisting of heterodimers of various subunits, including p65/RelA, p50, cRel, p52 and RelB. The heterodimer p65-p50 is the most frequently observed association in numerous cell types. The NF-jB pathway participates in numerous essential biological processes, including cell survival, apoptosis, differentiation, and inflammation (Xiao, 2007) . Recently, several studies have shown a direct association between the NFjB pathway and autophag, either promoting or inhibiting the process depending on the conditions (Fabre et al., 2007) . In this study, we aimed to determine the autophagy induction potential by HEMA, as well as the possible interplay between autophagy and apoptosis in DMCs. The possible involvement of NF-jB signaling in HEMA-mediated autophagy and apoptosis was also investigated. Furthermore, to best mimick the effects of HEMA on dental pulp tissues, we first utilized an ex vivo tooth slice organ model treated with various concentrations of HEMA.
MATERIALS AND METHODS

Primary Cell Culture and Treatments
DMCs were obtained from extracted healthy premolars and third molars from patients (15-22 years of age) for orthodontic and preventive teeth extraction. The use of these teeth was reviewed and approved by the Ethics Committee of School of Stomatology, Wuhan University, China. The acquisition of human teeth was performed after informed consent was obtained from the study subjects. Tooth surfaces were cleaned using 2% chlorhexidine. After several washes with phosphate-buffered saline (PBS, HyClone Laboratories, Logan, UT), the freshly extracted teeth were then broken into two pieces to reveal the pulp chamber. The pulp tissues were removed carefully and cut into tiny pieces (0.5-1.0 mm 3 ), followed by digesting in a solution of 3 mg/ml collagenase type I (Invitrogen, Karlsruhe, Germany) for 1 h at 37 C. After filtering through 70 lm Falcon trainers ((BD Biosciences, Heidelberg, Germany), the solution was transferred to a-minimal essential medium (a-MEM) containing 10% Fetal bovine serum (FBS), and 1% (v/v) penicillin/ streptomycin (all from HyClone Laboratories, Logan, UT) at 37 C in a humidified atmosphere of 95% air and 5% CO 2 . The cells between the fourth and sixth passages were used in the present study. The HEMA culture medium was prepared by diluting HEMA stock solution (Sigma, St. Louis) into a variety of concentration with a-MEM containing 10% FBS and 1% (v/v) penicillin/ streptomycin. For inhibitors application tests, the cells were pre-incubated with or without inhibitors, including 10 lM chloroquine (CQ), 2 mM 3-methyladenine (3-MA), or 5 lM Bay 11-7082 (all from Sigma, St. Louis) for 4 h, then changed the culture medium containing 8 mM HEMA and incubated for 48 h.
Acidic Vesicular Organelle Labeling by Monodansylcadaverine (MDC) or Acridine Orange (AO) Staining
DMCs were treated with or without 8 mM HEMA for 48 h after cell seeding at a density of 40 000 cells per cover on sterile coverslips overnight. The cells were incubated with 0.05 mM MDC at 37 C for 30 min or 1 lg/ml AO in PBS at 37 C for 15 min in the dark. Cells were washed three times with PBS and immediately analyzed under a Leica fluorescence microscope (Leica, Germany) to detect acidic autophagic vacuoles and lysosomes.
Cellular Immunofluorescence Analysis of DMCs
The cells were seeded on sterile glass cover slips at a density of 40 000 cells per cover. After incubation according to the study design, the cells were fixed with 4% paraformaldehyde for 15 min, washed three times with PBS, treated with 0.1% Triton X-100 for 5 min, blocked with 10% non-immune goat serum for 1 h at room temperature, and then incubated with antibodies (1:500), like Atg5, LC3B (both from Sigma, St. Louis), and NF-jB p65 (Proteintech, Wuhan, China), in 0.1% Triton X-100 at 4 C overnight. After being washed twice, the cells were incubated with Cy3-conjugated goat anti-rabbit IgG (1:200) for 1 h at 37 C.
The cytoskeleton and nuclei were stained with 20 lg/ml FITCconjugated phalloidin (Sigma, St. Louis) for 40 min, and 0.1 lg/ ml 4,6-diamidino-2-phenylindole (DAPI) for 10 min at 37 C, respectively. The coverslips were then mounted on a microscope slide with the embedding medium. Afterward, cells were observed and photographed using a fluorescence microscope. 
Real-Time Polymerase Chain Reaction (PCR) Assay
Transmission Electron Microscopy (TEM) Analysis
DMCs were simulated with or without HEMA. Cells were harvested and then fixed in 2.5% glutaraldehyde overnight at 4 C, and postfixed in 1% osmium tetroxide with 0.1% potassium ferricyanide. After dehydration using a graded series of ethanol (30-90%), the samples were embedded in Spurr's epoxy resin and cut into ultrathin sections. These sections were stained with 2% uranyl acetate and examined using TEM (Hitachi H-600).
Western Blot Analysis
Total proteins from treated DMCs cellular lysates were prepared as previously described (17). Equal amount of protein were first separated on 10% gels using sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE) and then transferred on polyvinylidene fluoride membranes in SDS-electroblot buffer. The membranes were cultured at 4 C overnight with the corresponding primary antibodies in blocking solution, washed three times with TBST at room temperature for 10 min and incubated with secondary antibodies for 1 h at room temperature. Bound secondary antibodies were visualized by incubation with enhanced chemiluminescence for 3 min after three washes for 10 min in TBST. The membranes were then stripped for reprobing at room temperature for 15 min using mild antibody stripping buffer. Finally, the membranes were washed twice in TBST at room temperature for 10 min and then reprobed with anti-GAPDH antibodies. The bound secondary antibody was visualized by ECL. Specific primary antibodies including LC3B and Atg5 (both from Sigma), Beclin1 and NF-jB p65 (both from Proteintech), phospho-NF-jB p65 and cleaved poly (ADP-ribose) polymerase (PARP) (both from Cell Signaling, Beverly, USA), ULK1 (Abcam, Camb, UK) and GAPDH (Santa Cruz, CA, USA) were used in this study. Quantification of LC3II protein expression level was performed with Image J soft.
Cell Viability Assessment
The viability of the DMCs was evaluated using the Cell counting kit-8 (CCK-8, Dojindo, Kumamoto, Japan) according to the manufacturer's instructions. HEMA was added to the cell culture at varying concentrations (0-10 mM), and plates were collected at various time points (12, 24, 48 and 72 h) after cell seeding. The cells were then incubated with 10 ll of CCK-8 and 100 ll of a-MEM at 37 C for another 2 h, after which the absorbance at 450 nm was measured with a Thermomax microplate reader (Bio-Tek Instruments Inc., Winooski).
Measurement of Cell Apoptosis
The apoptosis of DMCs was assessed by flow cytometry using the Annexin V-FITC Apoptosis detection kit (BD Biosciences). The cells were seeded in six-well plates at 5 Â 10 5 cells/well, followed by HEMA treatment. After incubation, the cells were collected, washed twice with PBS, suspended with 100 ll of 1Â binding buffer, and stained with 5 ll of Annexin V and/or 5 lL of propidium iodide (PI) for 15 min in the dark according to the manufacturer's instructions. After adding another 400 ll of 1Â binding buffer, the stained cells were then analyzed using a FACScan Analyzer (FACS Calibur, Becton Dickinson, Franklin Lakes).
Measurement of Intracellular Reactive Oxygen Species (ROS) Level
The intracellular ROS level was detected using 2 0 ,7 0 -dichlorodihydrofluorescein diacetate (DCF-DA). The redox-sensitive fluorescent dye DCF-DA was used for a direct and sensitive measurement of the redox state of cells or generalized oxidative stress. The approximately treated DMCs were washed with PBS and subsequently incubated with 10 lM DCF-DA for 30 min.
After the removal of DCF-DA and two washes with PBS, the cells were collected and washed again with PBS. The production of the DCF fluorescence representative of ROS in stained cells was monitored by using a FACScan Analyzer (FACS Calibur, Becton Dickinson, Franklin Lakes).
Tooth Slice Organ Culture Ex Vivo
A total of 25 pieces of tooth slices were prepared from the coronal parts of freshly removed teeth, which were extracted from seven healthy third molars of patients aged 15-22 years. After several washes with PBS, the freshly extracted teeth were sectioned transversely into 700 lm-thick sections with a diamond saw (Buehler, Whiteby, Ontario, Canada). Tooth slice organs were immediately transferred to a-MEM containing 10% FBS and 1% antibiotics at 37 C 95% atmospheric moisture, and 5% CO 2 , and the culture medium was changed after 48 h. The slices were then stimulated with or without HEMA. Some of the treated tooth slice organ cultures were subjected to the tissue viability assay and TEM analysis. The others were fixed with 4% paraformaldehyde at 4 C for 48 h, and then rinsed, dehydrated. Subsequently, the dental pulp tissues were carefully separated from the hard dentin tissue, then embedded in paraffin. Serial sections of 5 lm thickness were cut in the horizontal direction and subjected to hematoxylin-eosin (H & E) staining as described previously .
Tissue Viability Assessment
The tooth slice organs, which were co-cultured with or without HEMA, were collected at varying time points (12, 24, 48 , and 72 h) and then assessed using a CCK-8 kit as described previously to detect tissue viability. In brief, the treated slices were transferred to a 48-well plate. A mixture containing 20 ll of CCK-8 solution and 200 ll of a-MEM was added to each well, and the plate was incubated for 2 h. The tooth slices were removed, and the plate with culture mixture was measured by conducting a microplate auto reader enzyme-linked immunosorbent assay (Bio-Tek Instruments Inc., Winooski) at 450 nm.
TEM Analysis of Tissues
The tooth slice organs were simulated with or without HEMA. The pulp tissues were then separated from the hard dentin tissue, and fixed in 2.5% glutaraldehyde overnight at 4 C.
Subsequent procedures were conducted as previously described.
Tissue Immunofluorescence Analysis
The pulp tissue sections from tooth slice were subjected to p65 and Beclin1, respectively. Briefly, after deparaffinization and rehydration, the sections were treated with 0.625% trypsin for 10 min and non-immune goat serum for 30 min. The unwashed sections were incubated with the primary antibody of p65 and Beclin1 (Proteintech) at 4 C overnight. Subsequently, the sections were washed twice and incubated with Cy3-conjugated goat anti-rabbit IgG (1:200) for 1 h at 37 C. The nuclei were stained by 0.1 lg/ml DAPI before traditional or confocal fluorescence microscopy analysis (Leica).
Statistical Analysis
Each experiment was repeated for more than three times with DMCs from different dental pulp samples. All values are expressed as the mean values 6 standard deviation. All statistical analyses were performed using one-way ANOVA followed by Student-Newman-Keul's tests. The values were compared using multiple comparisons, and P < .05 was considered significant.
RESULTS
Autophagy Induction Potential by HEMA in DMCs
Results indicated that cell viability was decreased by incubation with HEMA in a concentration-and time-dependent manner. A marked reduction (up to 60%) of cell viability could be observed in cultures exposed to 8 mM HEMA for 48 h ( Figure 1A ), and this incubation condition was applied in the following experiments for observing the cytotoxicity of HEMA on DMCs more clearly. MDC is a widely used fluorescent marker that preferentially accumulates in autophagic vacuoles (Yin et al., 2010) . AO, which is applied to evaluate the formation of acid vesicular organelles (AVOs), can accumulate in acidic organelles and emit bright red fluorescence and green fluoresce in the cytoplasm and nucleus (Krolenko et al., 2006; Li and He, 2014) . Our results show a high accumulation of distinctly dot-like autophagic vacuoles and bright red AVOs in the cytoplasm of DMCs after incubation with HEMA. However, few MDC-positive particles and AVOs were observed in the control group ( Figure 1B) . Immunofluorescence staining was also employed to detect the expression of autophagy-associated proteins (Atg5 and LC3) in the cytoplasm of DMCs co-cultured with HEMA ( Figure 1C ). Exposure to HEMA significantly promoted the protein expression of Atg5 and LC3 in the cytoplasm or perinuclear area with punctate staining of DMCs. Visualization of F-actin with FITC-conjugated phalloidin revealed a profound reorganization in the cytoskeleton of DMCs after HEMA treatment. Furthermore, real-time PCR analysis revealed markedly elevated Beclin1 and LC3 mRNA expression levels after 4 and 8 mM HEMA treatment in DMCs (Figure 2A ). Western blot analysis showed a great enhancement of Beclin1, Atg5 and LC3-I/LC3-II ratio in various concentrations (0, 2, 4, 6, and 8 mM) HEMAtriggered DMCs for 48 h ( Figure 2B ), but did not show obvious changes in ULK1 expression. TEM assessment further demonstrated the ultrastructural appearance of autophagic vesicles in HEMA-treated DMCs. Increasing numbers of membranous autophagic vacuoles further demonstrated autophagy induction by HEMA in DMCs ( Figure 2C ).
Apoptosis Was Induced by HEMA in DMCs
Our data further confirmed that HEMA triggered ROS accumulation in a concentration-dependent manner ( Figure 3A) , indicating an increase in intracellular oxidative stress. Fluorescence intensity is proportional to the amount of ROS produced by the cells. Moreover, the representative 2D density plots described the distribution of vital, early apoptotic, late apoptotic, and necrotic cells. Annexin V-positive and PI-negative cells were considered early apoptotic cells, Annexin V-positive and PI-positive cells were considered as late apoptotic cells; and Annexin Vnegative and PI-positive cells were considered necrotic cells. Both early and late apoptotic cells increased with rising HEMA concentration ( Figure 3B ). The induction of apoptosis by HEMA was concentration-and time-dependent. Treatment with 8 mM HEMA for 48 h resulted in approximately 40% apoptotic cells.
HEMA-Mediated Autophagy in DMCs Was Not a Protective but a Pro-Apoptotic Mechanism
In the control groups, 3-MA notably decreased Atg5 and LC3I expression in the control groups, but CQ enhanced the LC3II expression. Moreover, pre-incubation with either CQ or 3-MA obviously decreased the Beclin1 and ATG5 protein expression in HEMA-treated DMCs. 3-MA decreased LC3II formation by HEMA but CQ enhanced the effect ( Figure 4A and B) . Interestingly, Real-time PCR assessment suggested that HEMA treatment enhanced the level of caspase9 (an apoptotic biomarker), whereas both CQ and 3-MA markedly reversed the enhancement of HEMA in DMCs ( Figure 4C ). Furthermore, pre-incubation with CQ and 3-MA significantly decreased the apoptotic cells in HEMA-triggered DMCs ( Figure 4D ). These findings suggest that HEMA-induced autophagy in DMCs was a pro-apoptotic but not a protective mechanism.
HEMA Activates the NF-jB-Autophagy Axis, Which Commits DMCs to Apoptosis
We found that HEMA perceptibly stimulated NF-jB p65 nuclear translocation ( Figure 5A ) and activated the phosphorylation of NF-jB p65 ( Figure 5B Interestingly, we found that pre-incubation with Bay 11-7082 inhibit the activation of Atg5 in HEMA-triggered DMCs ( Figure 5C ). Moreover, Bay 11-7082 significantly downregulated the protein expression of Beclin1 and Atg5, and slightly decreased LC3II expression ( Figure 5B ). Realtime PCR analysis further demonstrated that Bay 11-7082 obviously decreased activation of LC3 
FIG. 4.
Autophagy inhibition prevented HEMA-induced apoptosis in DMCs. DMCs were pre-incubated without or with chloroquine or 3-MA, and then cultured with or without 8 mM HEMA for 48h. A, Protein content of Beclin1, Atg5, and LC3 were analyzed by Western blot. GAPDH was the internal standard for protein loading. B, Quantitative analysis of the ratio of LC3II to GAPDH. C, Real-time PCR analysis for caspase9 mRNA expression in DMCs. The relative gene expression levels were normalized against GAPDH and compared with the non-HEMA-treated group. D, Cell apoptosis of DMCs induced by HEMA presented as 2D density plots measured via FCM after Annexin V-PI staining. Quantification for HEMA-triggered apoptosis via FCM after Annexin V-PI staining. **P < .01, *P < .05 versus the control group, # P < .05, ## P < .01 versus the only HEMA-treated group. Data are presented as the mean 6 SD (n ¼ 3 per group) of three independent experiments. gene expression by HEMA in DMCs ( Figure 5D ). Furthermore, we ascertained the role of NF-jB in HEMA-triggered apoptosis in DMCs. Bay 11-7082 significantly downregulated HEMA-induced PARP cleavage ( Figure 5E ), and reversed the gene expression of caspase 9 in HEMA-triggered DMCs ( Figure 5F ). Results of double staining with Annexin V-PI showed that pre-incubation with Bay 11-7082 significantly reduced HEMA-induced early and late apoptotic cells ( Figure 5G ). These findings indicated that HEMA induced apoptosis by triggering autophagy via activating the NF-jB signaling pathway in DMCs. FIG. 5 . NF-jB signaling pathways were involved in HEMA-induced autophagy and apoptosis. DMCs were pre-incubated with or without Bay 11-7082 and then exposed to HEMA for 48 h. A, Detection of NF-jB p65 (red) immunostaining colocalized with the cytoskeleton revealed by phalloidin staining (green). Nuclear counterstaining was performed with DAPI (blue). B, Protein content of phospho-NF-jB p65, Beclin1, Atg5 and LC3 were analyzed. GAPDH was the internal standard for protein loading. C, Detection of HEMA-induced activation of Atg5 (red) immunostaining with nuclear counterstaining by DAPI (blue). D, F, Real-time PCR analysis for LC3 and caspase9 mRNA expression in DMCs. The relative gene expression levels were normalized against GAPDH, and compared with the non-HEMA-treated group. E, Protein content of cleaved PARP was analyzed by Western blot. G, Cell apoptosis of DMCs induced by HEMA presented as 2D density plots measured via FCM after Annexin V-PI staining. Quantification for HEMA-triggered apoptosis. *P < .05, **P < .01 versus the control group, # P < .05, ## P < .01 versus the only HEMA-treated group. Data are presented as the mean 6 SD (n ¼ 3 per group) of three independent experiments.
NF-jB p65 and Beclin1 Activation in HEMA-Induced Toxicity in Cultured Human Tooth Slice Organ Model Ex Vivo
We used tooth slice organ culture to explore toxicity and autophagy induced by HEMA ex vivo. As shown in Figure 6A , in HEMA-treated groups, the cell density was less than the control groups. CCK-8 assay further demonstrated that HEMA significantly reduced tissue viability in a time-dependent manner ( Figure 6B ). Consistent with in vitro TEM assessment, ultrastructural analysis revealed that HEMA treatment produced some major morphological alterations in dental pulp tissues. We observed that nuclear chromatin clumped into a densely packed mass and became abutted on the nuclear membrane, followed by blebbing of the nuclear envelope ( Figure 6C ). These morphological characteristics are properties of the apoptotic cells, indicating that HEMA triggered apoptosis in dental pulp tissues. Furthermore, TEM analysis also showed a significant enhancement of HEMA on the number of lysosomes and autolysosomes in dental pulp tissues. The number of autophagic vacuoles increased with the treatment period ( Figure 6D ). To further confirm the activation of autophagy and NF-jB pathway by HEMA, the dental pulp tissue ex vivo were analyzed by immunostaining. As shown in Figure 7A , HEMA greatly stimulated NF-jB p65 nuclear translocation. Similarly, the Beclin1 expression in HEMA-treated groups was much greater than the control groups ( Figure 7B ).
DISCUSSION
DMCs possesses the ability to differentiate into numerous cells in the dental pulp. They are speculated to respond to injury, such as cavity formation, by migrating to damaged regions, as well as differentiating and depositing reparative dentin. Therefore, the protection of DMCs is becoming a vital concern during therapy. Dental adhesives and restorative resin are widely applied in clinical dental therapy. Clinical data and experiments found that 8-10% of inadequately polymerized monomers leach out from dental resin biomaterials, permeate through the dentin, and directly affect the dental pulp tissues and oral environment in sufficient concentrations (Murray et al., 2000; Murray and Windsor, 2002) . With its low molecular weight and hydrophilicity, HEMA can diffuse rapidly through the dentin to reduce viscosity and increase bond strengths. In clinical use, pulp capping materials are in direct contact with pulp tissue. Several studies have suggested that the leachable hydrophobic and hydrophilic molecules present in the primer or adhesive component of dentin bonding agents can penetrate to the pulp space via the dentinal tubules during the bonding process de Souza Costa et al., 2003) . HEMA was also identified in the air of dental practices. Previous studies showed that concentrations of HEMA eluted from the dentin adhesive bonding agent ranging from 1.5 to 8 mM (Bouillaguet et al., 1996; Çetingü ç et al., 2007; Teixeira et al., 2006) . The ID50 of HEMA ranges from 0.19 to 12 mM depending on the cells types (Schweikl et al., 2006; Spagnuolo et al., 2008) . These concentrations have been found to suppress cell proliferation and differentiation, and even cause cell necrosis and activation of apoptosis (Pawlowska et al., 2010; Tuncer et al., 2012) . It has been shown that undifferentiated DMCs are more sensitive to HEMAinduced cell death (Paranjpe et al., 2007) . Previous studies also demonstrated that HEMA induce apoptosis via increasing ROS accumulation (Krifka et al., 2012; Schweikl et al., 2014) . Consistent with previous studies, our study confirmed that 8 mM HEMA could cause an evidence decrease in cell viability ( Figure 1A ), a ROS formation raise and a significant increase in cell apoptosis after 48-h incubation in DMCs (Figure 3) . However, the intracellular processes or signaling pathways related to apoptosis initiated by HEMA have yet to be clearly elucidated.
Autophagy is known as a cell protector in decomposing and degrading unnecessary proteins and organelles, thereby regulating cellular redox homeostasis (He and Klionsky, 2009 ). Previous studies indicated that autophagy is a stress adaptation that protects cells from various circumstances (Dutta et al., 2013; Lopez et al., 2015) . In certain cellular settings, autophagy also serves as an alternative cell death pathway. Methacrylic acid-based substances can reportedly activate autophagy . A detailed morphological characterization of autophagic structures can be achieved by the high-magnification and high-resolution TEM images. Beclin1 controls the initiation of autophagocytosis and distinct phases in endocytosis. Beclin1 binds the class III phosphatidylinositol-3 kinase complex, and the up-regulated level of beclin1 is associated with increased autophagosome formation (Grishchuk et al., 2011; Salminen et al., 2013) . Our study showed that HEMA treatment greatly enhanced Beclin1 expression, confirming that autophagosome formation is due to activation of autophagy by HEMA, not impairment of autophagic degradation. The Atg5-Atg12 conjugate localizes to autophagosome precursors and dissociates before or after the completion of autophagic vacuole formation (Mizushima et al., 2003) . LC3, which is currently considered as one of the most reliable markers of the autophagic process, exists in two forms: namely, LC3-I and LC3-II. LC3-II can accumulate because of increased upstream autophagosome formation or impaired downstream autophagosome-lysosome fusion (Kabeya et al., 2000) . This study showed that HEMA enhances the immunohistochemical detection of Atg5, and LC3, as well as the protein expression of Atg5-Atg12 and LC3-I/LC3-II ratio in vitro.
CQ, a lysosomal enzyme inhibitor, inhibites the late states of autophagy by preventing the fusion of autophagosomes with lysosomes. 3-MA inhibit autophagy upstream by blocking phosphoinositide 3-kinase activity (Grishchuk et al., 2011; Wu et al., 2010) . We found that blocking autophagy process either with 3-MA considerably reverse the effect of HEMA on Beclin1 and Atg5 expression, and CQ notably suppressed autophagy by increasing LC3II formation, which further confirmed that HEMA induced autophagosome accumulation by activating autophagy instead of blocking autophagosome degradation.
Apoptosis has been recognized as a major mechanism of regulated cell death. It may be triggered by many stimulations, results in chromatin condensation and DNA fragmentation, leading to cell death (Green, 2005) . Recent studies have elucidated that autophagy can cooperate and contribute to apoptosis induction depending on the cell type and varied cell homeostasis (Eisenberg-Lerner et al., 2009; Mariño et al., 2014) . Both autophagic and necrotic morphologies can be observed in the same cell (Zalckvar et al., 2010) , as is further confirmed in our study by ultrastructural analysis. Mechanisms of apoptosis induced by HEMA are widely elucidated in previous studies; thus, we further examined the association between autophagy and apoptosis. Interestingly, pre-incubation with CQ or 3-MA also markedly decreased the HEMA-induced apoptotic cells and apoptotic biomarkers, caspase9 gene expression, indicating that HEMA-induced autophagy in DMCs was a pro-apoptotic but not a protective mechanism.
In unstimulated cells, NF-jB, which is detained in the cytoplasm by binding to inhibitory jB (IjB) proteins, can be activated by various stimuli. Once the cells were activated, the IjB proteins are degraded, and NF-jB translocates to the nucleus and binds to its DNA-binding sites, thereby enhancing the transcriptional activity of the respective genes involved in the control of different cellular response proteins. NF-jB transcription factors have been observed to respond to a large variety of external and internal stress signals. Spagnuolo et al. demonstrated that NFjB exerts a protective effect in counteracting apoptosis in HEMA-treated human skin fibroblasts (Spagnuolo et al., 2004) . However, another study showed that that HEMA significantly blocks both nuclear NF-jB expression and function in HEp2 cells (Paranjpe et al., 2009) . In the present study, our results partly supported the previous opinion, that is, HEMA triggered the activation of nuclear NF-jB expression. Moreover, the links between NF-jB signaling and autophagy regulation seems complex. According to several studies, NF-jB signaling pathway has been revealed as a negative regulator of autophagy (Djavaheri-Mergny et al., 2006; Schlottmann et al., 2008) . However, a number of evidence also indicate NF-jB signaling as an upstream activator for autophagy. NF-jB was demonstrated to activate autophagy during heat shock respons (Nivon et al., 2009) . Moreover, Copetti et al. showed that Beclin1 mRNA levels increase upon p65/RelA overexpression in U2OS cells, and p65/ RelA-dependent Beclin1 upregulation was coupled to enhanced autophagy (Copetti et al., 2009) . Our study established a link between NF-jB and autophagy in HEMA-induced toxicity on DMCs. We showed that Bay 11-7082, a NF-jB signaling pathway inhibitor, markedly reduces autophagic biomarkers, including the expressions of Beclin1, Atg5 and LC3. These findings indicate an NF-jB pathway-dependent autophagy process in HEMAtreated DMCs. Moreover, we also found that blocking the NF-jB signaling pathways markedly decreases the cleavage of PARP, pro-apoptotic gene expression (caspase9) and apoptotic cells, indicating that HEMA-induced apoptosis probably depends on NF-jB-autophagy axis activation.
Tooth slice organ cultures were used to establish ex vivo models to gain knowledge of the toxicity mechanisms of biomaterials on the dental mesenchymal tissues (Murray and Windsor, 2002; Saw et al., 2005) . Compared with the in vitro cell cultures, the ex vivo tooth slice organ culture model allows the maintenance of tissue integrity and cell-cell interactions. This model may provide better simulation of the clinical situation and the in vivo microenvironment of dental mesenchymal tissues upon irritation with biomaterials. The cell viability of this model can be maintained in vitro for up to 14 days. To the best of our knowledge, this study is the first to apply the major resin monomer HEMA on the ex vivo tooth slice organ culture model. Our results suggested that HEMA causes an evident toxicity on tooth slice organs. TEM ultrastructural analysis further demonstrated the occurrence of a combination of apoptotic and autophagic histological changes in HEMA-treated dental pulp tissues. Immunostaining of dental pulp tissue ex vivo by NF-jB p65 and Beclin1 further confirming the results of the aforementioned in vitro experiments.
CONCLUSIONS
In summary, our study demonstrated that the major resin monomer HEMA along resin biomaterial-DMC interface could simultaneously induce autophagy and apoptosis in DMCs. Inhibition of autophagy significantly prevented apoptosis induced by HEMA in DMCs, thereby suggesting the close interplay between autophagy and apoptosis in executing HEMA-triggered cell death (Figure 8 ). We also clarified that NF-jB signaling functioned upstream of autophagy in HEMA-treated DMCs and that the activation of NF-jB-autophagy axis was responsible for HEMA-induced apoptosis. The tooth slice organ culture model provided further evidence of the involvement of autophagy in HEMA-triggered dental pulp toxicity ex vivo. Our study also lead to new ideas for dental restorative and adhesive therapy, as well as the improvement of resin materials in the future. Our findings provide novel insights into the mechanisms of HEMAmediated toxicity and implicates the NF-jB-autophagy axis as a promising therapeutic target for improving dental restorative resin that enable dental tissue protection. 
